Recent studies have described and evidenced the enhancement of fundamental combustion parameters such as laminar flame speed due to the catalytic influence of H 2 O with heavily carbonaceous syngas mixtures. In this study, the potential benefits of these subtle changes in water loading and hence reaction pathways are explored in terms of delayed lean blowoff, and primary emission reduction in a premixed turbulent swirling flame (Ø = 0.6-0.8), scaled for practical relevance. Chemical kinetic models initially confirm that H 2 O has a substantial impact on the employed fuel behaviour; increasing flame speed by up to 60% across an experimental range representative of fluctuation in atmospheric humidity ( ∼1.8 mol%). OH * chemiluminescence and OH planar laser induced fluorescence (PLIF) were employed to analyse the changes in heat release structure resulting from the experimental addition of H 2 O vapour to the combustor. Equivalent concentrations of liquid H 2 O were introduced into the central recirculation zone of the premixed flame as an atomised spray, to investigate the influence of phase changes on the catalytic effect. Near the lean stability limit, H 2 O addition compresses heat release to shorten the elongated flame structure. Whereas with a stable and well-defined flame structure, the addition triggers a change in axial heat release location, causing the flame front to retract upstream toward the burner outlet. Higher quantities of two-phase flow were combined to explore the possibility of employing the spray as a stabilising mechanism, effectively dam pening the observed influence of humidity. The chemical enhancement induced by the controlled supply was shown to reduce the lean blowoff stability limit, enabling an increase in additional air flow of almost 10%. However, the catalytic effect of H 2 O diminishes with excessive supply and thermal quenching prevails. There is a compound benefit of NO x reduction from the use of H 2 O as a flame stabiliser with the practically-relevant syngas: First NO x production decreases due to thermal effect of H 2 O addition, with potential for further reduction from the change in lean stability limit; leanest experimental concentrations reduced by up to a factor of four with two-phase flow at the highest rates of supply. Hence, the catalytic effect of H 2 O on reaction pathways and reaction rate predicted and observed in the laminar environment, is shown to translate into practical benefits in the challenging environment of turbulent, swirl-stabilised flames.
Introduction
Heavily carbonaceous converter gas typically comprises 50-80% CO, 10-18% CO 2 , 1-3% H 2 in a balance of N 2 (mol%) [1, 2] . The influence of water content on combustion performance for this increasingly utilised fuel is highly relevant [2] [3] [4] [5] [6] [7] [8] [9] , as it provides a potential dissociative catalytic influence on CO oxidation [3, 4] across a limited water loading range. Direct formation of CO 2 * Corresponding author.
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from CO is slow due to high activation energy, and the presence of hydrogen facilitates chain branching OH formation, changing the dominant path for oxidation [4] . This contrasts with a lowering of adiabatic flame temperature. Water addition therefore induces a competition between chemical and thermal effects over a limited range. This provides a non-monotonic influence on premixed flame propagation, increasing laminar flame speed and reaction rate at lower concentrations, before eventually diluting and slowing the reaction as loading increases. Recent studies undertaken with a converter gas mixture demonstrated the potential for large increases in laminar flame speed -up to 70% -with the addition of water vapour, as concentrations varied by amounts representative of change in atmospheric humidity [4] . This level of fluctuation would be expected to provide a significant impact on the behaviour of converter gas in practical application.
Aim of this work
With previous emphasis on the fundamental laminar premixed behaviour of the applied fuel mixture [3, 4] , the aim of the current investigation is to appraise to what extent these potentially positive features extend to the practical environment of turbulent, premixed swirling flames supplied with a similar representative fuel composition. Clearly whilst the laminar flame characteristics provide an indication of fuel behaviour in turbulent swirling flames, these also introduce further complexity, for example the influence on flow dynamics and flame stretch [10, 11] . Nevertheless, in a qualitative sense, the laminar studies indicate that practical benefits such as extended flame blowoff limit, and improved NO x emission performance for swirl burners are likely [12] [13] [14] [15] . Variation in these performance characteristics are quantified within this study.
Water vapour concentration was varied initially across a range equivalent to change in atmospheric humidity, as a fraction of the total reactant flow (up to ∼1.8 mol% of total reactant composition). This allowed potential fluctuations in flame behaviour to be studied, within a range of practical relevance. This change in behaviour was analysed using advanced optical diagnostic techniques; namely OH * chemiluminescence, and OH planar laser induced fluorescence (PLIF) [16] [17] [18] enabling evaluation of any variation in local heat release, in addition to the formation of intermediate OH previously shown to accelerate the reaction [3, 4] . The net thermal power of the flame from the generic swirl burner employed was maintained at 100 kW throughout.
The experimental setup was designed so water could be introduced into the system either as a vapour or an atomised liquid spray -delivered into the central recirculation zone of the swirling flow -or both. Potential differences in the catalytic behaviour resulting from the H 2 O phase change could then be studied for its direct influence on flame stability. Finally, two-phase parametric studies were conducted to examine the effectiveness of employing a central recirculation spray to reduce the vapour-induced enhancements in dry flame behaviour. In addition to flame stability, the production of gaseous emissions was also quantified, with attention given to NO x formation.
Experimental facilities

Burner assembly
Experiments were undertaken using a premixed generic swirl burner, housed within a high pressure optical chamber (HPOC) at Cardiff University's Gas Turbine Research Centre (GTRC). The burner and casing assembly are shown as a multi-component schematic in Fig. 1 .
The burner assembly has been modified from previous work [16] , with the addition of a centreline liquid injection lance ( Fig. 1 (a) ); water is supplied from a pressurised 20 L accumulator in the range of 0.7-2.2 MPa, with delivery measured using an inline Coriolis mass-flow meter (Emerson CMF010M ± 0.1%). Reactants enter the burner inlet plenum ( Fig. 1 (b) ) via fixed piping or flexible metallic hose, with mass flows again quantified using Coriolis meters (Emerson CMF025M ± 0.35%). When steam is required, liquid flow is regulated using a Bronkhorst mini CORI-FLOW controller ( ± 0.2%), before changing phase in a 25 m heated supply line. The burner assembly is housed within a pressure casing ( Fig. 1 (c) ) rated to 1.6 MPa at 900 K. After entering the plenum, reactants travel through the premix chamber ( Fig. 1 (d) ) to a single radial-tangential swirler ( Fig. 1 (e) ) and out the burner exit nozzle (20 mm radius). The outlet has a geometric swirl number (ratio of tangential to axial momentum) equivalent to S g = 1.04 [19, 20] . A Delevan 0.4 hollow cone (W) 60 °spray nozzle was installed on the liquid injection lance to provide atomised water droplets, positioned to spray into the CRZ of the outlet flow field, and released in the same plane as the 40 mm diameter burner outlet ( Fig. 1 (f) -spray is characterised further in Section 3 ). Optical access is afforded via diametrically opposed quartz viewing windows ( Fig. 1 (g) ), facilitating the chemiluminescent and PLIF diagnostic techniques. The burner is operated with cylindrical quartz exhaust confinement tube, with an expansion ratio of 3.5 from the burner nozzle exit ( Fig. 1 (h)) . The exhaust is then sampled downstream of the confinement in a temperature conditioned probe, detailed further in Section 2.4 . Several k and n-type thermocouples ( ± 2.2 K) were installed to monitor key rig temperatures, influential to the experimental output. The first thermocouple is housed in the inlet plenum (T1) feeding into the premix swirl chamber, and monitors the temperature of reactants entering the system. A second thermocouple mounted flush with the burner face (T2) provides a reading for the recirculated and radiated heat from combustion. Finally, a third measurement is made at the burner exit (T3) giving exhaust temperature at the quartz tube outlet.
OH * chemiluminescence measurements
The chemiluminescence of an excited hydroxyl (OH) intermediate radical (wavelength of ∼310 nm) can be used to provide a non-intrusive qualitative indication of localised heat release, and a generalised marker of flame front location [16] [17] [18] . For the purposes of this work, the relatively weak OH * signal was captured using a Dantec Dynamics Hi Sense Mk II CCD camera with a 1.3 megapixel resolution, coupled to a Hamamatsu C9546-03 L image intensifier. A specialty 78 mm focal length UV lens (F-stop = f /3.8) was installed on the aforementioned image intensifier, together with a narrow band pass filter (300-330 nm). The camera is placed at a 90 °angle to the flow such that the flame can be viewed through the top quartz window of the HPOC ( Fig. 1 ) . The image plane is centred on the burner exit, with respective view fields of ∼100 mm and ∼75 mm in the radial and axial directions, corresponding to a resolution of ∼13.6 pix/mm. For each experiment, 200 images were captured at a rate of 10 Hz with the system timing controlled using commercial software and a gate pulse generator set at 400 μs, triggered by the camera aperture signal. To ensure consistency between OH * chemiluminescence measurements, the gain of the image intensifier was held constant for all experiments. The intensities measured for the 200 image dataset were averaged, with a condition-normalised false colourmap (correlated to relative pixel signal intensity) then applied, to help provide an indication of the flame front location and localised heat release.
The axial flow field generated by the employed swirl configuration has been previously evaluated using particle image velocimetry [21] , with a planar representation at the nozzle centreline shown in Fig. 2 (a) . The flame structure is typical for a premixed swirler of this design [22] , with outward forward flow (orange in Fig. 2 (a) ) generating a conical flame around a shear layer of zero axial velocity, and central recirculation zone (CRZ -blue in Fig. 2 (a) ). The observed OH * chemiluminescence is taken line-of-sight, meaning the captured image includes light emitted both in front, and behind the focal plane of the imaging system. Thus, in the case of the swirl-stabilised flames evaluated in this work, the resulting images show intensity from the threedimensional, conical shape of the flame ( Fig. 2 (b)) . A modified open access Abel inversion algorithm [23] was used to transform the 3-D images captured into 2-D planar representations of the OH * chemiluminescence intensity distribution, with the underlying
